Introduction
Detonations consist of precursor shock waves with a thin reaction zone propagating self-sustainingly at supersonic speed. The formation and propagation of detonations are complex processes. The studies of the formation and propagation of detonations are of important theoretical values and practical significance for safety engineering, such as the prevention of explosions in coal mines [1] , or for the development of the next generation propulsion systems like the pulse detonation engine (PDE) and the oblique detonation wave engine (ODWE) [2] . Therefore, to understand the process of detonation in detail is still needed.
With the development of Computational Fluid Dynamics (CFD), two-dimensional detonations can be simulated successfully by appropriate numerical methods and the proper three-shock structure can be analyzed. However, the three-dimensional structures of detonations and their characteristics remain poorly understood because of the constraints of the computational resources [3, 4] . Three-dimensional detonation structures have several propagating modes through experimental studies. Furthermore, in the rectangular tubes, at least two different types of structures, rectangular and diagonal, can be observed [5] . Recently, Vincent Deledicque et al. [6] reproduced these two structures and obtained * To whom any correspondence should be addressed. clear cellular structures using a parallelized, unsplit shock-capturing algorithm. Moreover, Keitaro Eto et al. [2] studied numerically the diagonal detonations and the unburned pockets by a detailed chemical reaction model. In this paper, we investigate the characteristics of three-dimensional detonation in an argon-diluted mixture of hydrogen and oxygen using the three-dimensional Euler equations with a simple chemical reaction model as the governing equations. The propagation of detonation, formation of unburned pockets and transformation between diagonal and rectangular detonations are discussed in detail.
Governing equations and numerical methods
Assuming that the argon-diluted mixture of hydrogen and oxygen is inviscid and non-heat-conducting, the Euler equations can be used as the governing equations to describe this problem [7] [8] [9] . Instead of using many real elementary reactions, a two-step model reaction is used [10] . The chemical reaction is split into two stages, the induction period and the subsequent exothermic stage. The Euler equations with a simple chemical reaction model are 
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where and are the activation energy, and k are the preexponential factors.
The initial condition is the ZND profile propagating in a finitely long rectangular tube filled with an argon-diluted mixture of hydrogen and oxygen. In order to accelerate the growth of the flow instabilities, a slight perturbation of the pressure and density is added behind the detonation front. The temperature and pressure of pre-mixed gas are 288.65K and 0.1atm, respectively. The boundary conditions are as follow: the upstream and downstream conditions are free boundary conditions; the wall boundary conditions are adiabatic, slip and non-catalytic. For numerical methods [11] , the Steger-Warming flux vector splitting method is used for numerical flux. And then the split spatial derivatives are evaluated using the WENO scheme [12] . The TVD Runge-Kutta method is employed for the temporal derivative.
Results and discussions
3.1. Three-dimensional wave structure In two-dimensional detonations, it has been confirmed that the detonation front contains Mach stems and incident shock waves as well as transverse shock waves, which meet at the triple points generating a regular cellular structure. The three-dimensional detonation is similar to the two-dimensional detonation. Fig. 1 shows detonation wave front and pressure contours at t=27.375μs. It is noted the triple lines appear at the boundary between the Mach stems and the incident shock waves. Because of the evolvement between the Mach stems and the incident shock waves, a regular cellular structure is generated, as shown in Fig. 2 . The width-to-length ratio is approximately 0.58, which is very close to the ratio in two-dimensional detonatios. In Fig. 2 , it is observed that there are one pair of triple lines parallel to the x-direction and one pair of triple lines parallel to the z-direction. Therefore, the detonation is called rectangular detonation. Moreover, there are no slapping waves at the beginning. But with the propagation of the detonation, the two slapping waves appear and are perpendicular to each other. Because the two slapping waves in the perpendicular directions appear at the same time, the detonation is also called in-phase detonation. Fig.3 illustrates the process of detonation waves along x-axis. In Fig. 3A , at t=31.025 μs, the two triple lines move toward each other and tend to collide. At t=38.325 μs, the four triple lines have collided and begun to separate toward opposite directions. And the Mach stems have appeared in Fig.  3B . With the propagation of the detonation, the four Mach stems become larger and larger. At t=41.975 μs, four larger Mach stems are generated in Fig. 3C. 
Unburned gas pockets
In this study, we also demonstrate the formation of unburned gas pockets. Fig. 5 illustrates the contours of the reaction progress parameter β in the exothermic period to verify the formation process of unburned gas pockets. Fig.5A-D show the front of detonation wave and Fig.5E -H show the back of the detonation wave. In Fig.5A -C, it can be observed that the concaves appear and then become smaller and smaller with the propagation of the detonation wave. The larger concaves in Fig.5A become gradually small with the movement of the triple lines in Fig. 5B , and then the two middle concaves are shut while the two lateral concaves become smaller in Fig. 5C . Finally, the four concaves are all shut in Fig.5D . From this process, we can find that the triple lines play a role of "shutter" to generate the unburned gas pockets behind the detonation front. From the back of the detonation wave, the larger protrudent parts in Fig.5E become gradually small with the movement of the triple lines, which indicates that the reaction is still in progress. Finally, because all the concaves are shut by the triple lines in Fig.5G , the unburned gas pockets are generated in Fig.5H. From the standpoint of the contours of the maximum pressure, the diagonal structure (Fig. 6B ) and the rectangular structure (Fig. 6C ) under the initial perturbation (Fig. 6A ) are observed in our study. Since the triple lines are diagonal in Fig. 6B , this detonation is called diagonal detonation. However, the triple lines are parallel to the walls in Fig. 6C , therefore this detonation is called rectangular detonation. Fig. 6D -F demonstrate the process of transformation between diagonal and rectangular detonations from the isosurface of the pressure at different times. Fig. 6D shows a diagonal detonation and the position of triple lines at t=31.025 μs. With the movement of the triple lines, the rectangles 1, 2, 3 and 4 that are enclosed by the triple lines become smaller gradually, while the rectangle 5 becomes larger. At t=34.675 μs, the rectangles 1, 2, 3 and 4 evolve into four points, while rectangle 5 becomes the largest one and the triple lines are parallel to the wall. Therefore, this detonation is rectangular detonation as shown in Fig. 6F .
Transformation between diagonal and rectangular detonation

Conclusions
In this study, the propagation of a three-dimensional detonation is simulated using the WENO scheme for the spatial derivatives and the Runge-Kutta method for the temporal derivative. The clear cellular structure and the diagonal and rectangular detonations, which appear in rectangular tubes, are observed in our study. The formation of unburned gas pockets and the transformation between diagonal and rectangular detonations are analyzed in detail. The three-shock structure is indispensable for the self-sustaining propagation of the detonation waves, and the evolvement between Mach stems and incident shocks generates a regular cellular structure. The unburned gas pockets are generated by the movement of the triple lines. First the concaves appear between the two triple lines; they are shut with the movement of the triple lines, which play a role of "shutter"; finally all the concaves are shut to generate unburned gas pockets. The movement of the triple lines makes the rectangles enclosed by the gradual changes of triple lines, and consequently the transformation between the diagonal and rectangular detonation is realized. 
